environmental stress than adults. A set of enzyme activities involved in immune defence mechanisms and 23 detoxification processes, i.e. superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx), 24 catecholase-type phenoloxidase (PO), laccase-type PO and lysozyme were analysed in different oyster 25 tissues, i.e. the gills, digestive gland and mantle, and in the plasma and the haemoycte lysate supernatant 26 (HLS) of the haemolymph. Results indicated that total PAH body burdens were 2.7 times higher in the 27 presence than in the absence of the chemical dispersant. After 2 days of exposure to chemically dispersed 28 oil, alkylated naphthalenes accounted for 55% of the total PAH body burden, whereas alkylated fluorenes 29 and alkylated dibenzothiophenes accounted for 80% when the chemical dispersant was absent. 30
Importantly, a higher number of enzyme activities were modified when oil was chemically dispersed, 31 especially in the plasma and gills. Moreover, independently of the presence or absence of chemical 32 dispersant, oil exposure generally inhibited enzyme activities in the gills and plasma, while they were 33 generally activated in the mantle and haemocytes. These results suggest that the gills and plasma 34 constitute sensitive compartments in C. gigas, and that mantle and haemocytes may play an important 35 role in protection against xenobiotics. Among the six enzyme activities that were analysed in these body 36 compartments, five were modulated in the chemical dispersion (CD) treatment while only half of the 37 enzyme activities were modulated in the mechanical dispersion treatment. Furthermore, CD treatment 38 effects were often observed following exposure, but also during depuration periods. These results suggest 39 that immune and/or detoxification responses are likely to be affected when dispersants are used to treat oil 40 spills in shallow waters. 41
Introduction
Exposure • One experimental system was used per condition, making a total of five experimental systems. 128
Thirty oysters were transferred into each experimental system. The different exposure conditions are 129 summarized in Table 1 . The exposure period lasted 2 days. The seawater used for this study (pH: 7.95 ± 130 0.05, salinity: 35.2 ± 0.1 p.s.u.) was provided by Oceanopolis, Brest (France). This seawater was treated 131
by UV-light and filtrated at 0.45 µm before use. In the first tank, the control exposure condition was set 132 up with clean seawater. For the amount of BAL selected, the aim of this study was to obtain a 133 concentration of dispersed oil in the same rank than those reported in situ, following an oil spill, such as 134 reported by Lunel (1995) following the Braer oil spill. Thus, in the second tank, the chemical dispersion 135
(CD) condition was set up by pouring 20 g of BAL 110 and the volume of dispersant recommended by 136 the manufacturer, i.e. 1.2 g of dispersant, into the funnel of the experimental system. In the third tank, the 137 mechanical dispersion (MD) condition was set up by pouring 20 g of BAL 110 into the funnel. In the 138 fourth tank, the toxicity of molecules that naturally dissolve in seawater was tested, by exposing oysters 139 to a water-soluble fraction (WSF) of BAL 110. To obtain the WSF, a plastic circle was set on the surface 140 of the seawater in the experimental system. The BAL 110 (20 g) was then poured into the plastic circle, in 141 order to contain the oil slick at the surface, without mixing. The oysters were therefore only exposed to 142 the soluble fraction of the oil, i.e. free of particles of bulk material, and, contrary to the water-143 accommodated fraction (WAF), free of soluble and volatile compounds that can naturally evaporate 144 (Anderson et al., 1974; Singer et al., 2000) . In the fifth tank, an internal control for the CD condition was 145 set up by pouring 1.2 g of chemical dispersant into the funnel (i.e., dispersant condition, D). All 146 experimental systems contained a funnel connected to a submersed water pump. All exposure media were 147 added to the tanks 13h before adding the oysters, the time needed to obtain a relatively stable oil 148 concentration in the water column. The oysters were not fed during the exposure period. 149 Depuration • Ten oysters per treatment condition were placed in a decontamination tank, located in the 150 thermoregulated greenhouse (T = 15 ± 1°C) and containing clean seawater, for a recovery period of 15 151 days. The oysters were fed daily with an algal diet (5 x 10 4 cell ml -1 ) composed of Heteroskeletonema sp. 152 (Bacillariophyceae).
Sampling procedure
replicate sample, and three replicates were prepared per treatment. After opening the oyster shells by 156 cutting off the adductor muscle, approx. 0.3-0.5 ml of haemolymph was withdrawn from the pericardial 157 cavity using a 1-ml syringe equipped with a needle (0.9 x 25 mm). Haemolymph samples were 158 centrifuged at 260 x g for 10 min at 4°C in order to separate the cellular (haemocytes) fraction from the 159 plasma. The gills, digestive gland and mantle were removed from the soft tissues and homogenized at 4°C 160 in 0.1 M Tris HCl buffer pH 7.0 (0.45 M NaCl, 26 mM MgCl 2 , 10 mM CaCl 2 ; 0.5 ml of buffer.g -1 of 161 fresh weight for the gills and the mantle, and 1 ml.g -1 of fresh weight for the digestive gland), using an 162 Ultra Turrax (T25 basic, IKA-WERKE) and a Thomas-Potter homogenizer (IKA-Labortechnik RW 20.n, 163 size 0.13-0.18 mm, BB). The homogenates were centrifuged at 10 000 x g for 10 min at 4°C. The 164 resulting supernatant was collected for enzymatic studies. 165 166
Biochemical analysis 167
Superoxide dismutase assay • SOD was determined as described previously (Luna-Acosta et al., 2010a) 168 based on competition of SOD with iodonitrotetrazolium (INT) for dismutation of superoxide anion (O 2 -). 169
In the presence of O 2 -, INT is reduced into a red formazan dye that can be measured at 505 nm at 25°C 170 (Kit Ransod SD 125, Randox, France). One unit of SOD is defined as the amount of enzyme that 171 promotes a 50% decrease in the rate of INT reduction. 172
Glutathione peroxidase assay • GPx activity was determined as described previously (Luna-Acosta et al., 173 2010a). In the presence of glutathione reductase and substrates (i.e. reduced glutathione and cumene 174 hydroperoxide), the decrease of absorbance at 340 nm was proportional to the reduction of the oxidised 175 glutathione by NADPH, H + (Kit Ransel RS 504, Randox, France). One unit of GPx oxidises 1 µmol of 176 NADPH (ε NADPH = 6.22 mM -1 cm -1 ) per minute. 177
Catalase assay • Catalase activity was determined according to the method of Fossati et al. (1980) . This 178 method is based on the measurement of the hydrogen peroxide substrate remaining after the action of 179 catalase. First, catalase converts hydrogen peroxide into water and oxygen and then this enzymatic 180
Catecholase-type and laccase-type phenoloxidase assay • Catecholase-and laccase-type phenoloxidase 183 (PO) activities were determined according to the method described previously (Luna-Acosta et al., 184 2010b). For PO assays, 100 mM of dopamine or 50 mM of PPD were used as substrates and the increase 185 of absorbance at 490 and 420 nm was monitored for 4 and 2h for catecholase-and laccase-type PO 186 activity, respectively. Nonenzymatic oxidation by the substrate was monitored in wells without oyster 187 sample and subtracted from oxidation of the substrate with oyster sample. One unit of catecholase-and 188 laccase-type PO activities corresponds to the amount of enzyme that catalyzes the production of 1 µmole 189 of product (ε=3300 M -1 cm -1 and 43 160 M -1 cm -1 , respectively), per minute. to the Lowry method with slight modifications, using bicinchoninic acid and copper sulphate 4% (Smith 197 et al., 1985) . Serum albumin was used as protein standard (Sigma-Aldrich, France). 198
All enzyme activities were measured in the gills, digestive gland, mantle, plasma and HLS, except for 199 lysozyme that was not measured in the HLS, making a total of 29 enzymatic analyses. 200 201
Chemical analysis in oysters 202
The levels of polycyclic aromatic hydrocarbons (PAHs) in oysters were determined with a Varian Saturn 203 2100 T GC-MS device, using the procedure of Baumard et al. 
Statistical analysis 223
All values are reported as mean ± standard deviation (SD). Statistical analysis was carried out with 224 STATISTICA 7.0. Values were tested for normality (Shapiro test) and homogeneity of variances (Bartlett 225 test). In some cases, logarithmic transformations (Log 10 ) were used to meet the underlying assumptions of 226 normality and homogeneity of variances. Two-way nested MANOVA were used to analyse results, with 227 treatment and period as fixed factors, and pool as a random factor. The period factor corresponds to the 228 exposure period and the depuration period. Pool was nested within each combination of treatment and 229 time (Zar, 1984 
Chemical analyses 244
After 2 days of exposure, PAHs had been efficiently bioaccumulated in the soft tissues of C. gigas. The 245 total PAH content in oysters (∑ PAHs) was equal to 7 ± 1, 530 ± 75, 198 ± 22, 56 ± 50 and 8 ± 3 µg g -1
246
dry weight for the control, the chemically dispersed oil (CD), the mechanically dispersed oil (MD), the 247 water soluble fraction (WSF) and the dispersant (D) treatments, respectively. Significant differences were 248 found between the control and the CD or the MD, but not with the WSF conditions (F 4,15 = 12.83, p = 249 0.01). This lack of significant difference could be explained by the high variation in total PAH levels in 250 the WSF condition. Importantly, the total PAH content in oysters in the CD condition was almost 3 times 251 higher than in the MD condition. 252
After 15 days of depuration, the ∑ PAHs was equal to 3 ± 0, 15 ± 6, 14 ± 6, 2 ± 0 and 2 ± 2 µg g -1 dry 253 weight in control, CD, MD, WSF and D treatments, respectively. Even if the PAH content in oysters had 254 decreased by 97 and 93% in CD and MD conditions, respectively, it remained significantly higher than 255 the control condition (F 4,15 = 10.27, p = 0.03). 256
Independently of time and treatment, light PAHs (≤ 3 rings) and their alkylated homologues accounted 257 for at least 90% of the total PAHs in oyster tissues (Fig. 1) . After 2 days of exposure to the CD condition, 258 alkylated naphthalenes (NaF), alkylated dibenzothiophenes (DBT) and alkylated fluorenes (Fl) accounted 259 for most of the PAH content in oyster soft tissues with 55 ± 6, 19 ± 1, 18 ± 8% for alkylated NaF, 260 alkylated DBT and alkylated Fl, respectively (Fig. 1 ). In the MD condition, alkylated DBT and alkylated 261
Fl accounted for most of the PAH content in the oysters' soft tissues, representing 38 ± 2 and 40 ± 2% of 262 the total PAHs, respectively. Alkylated DBT (22 ± 0%) and alkylated Fl (53 ± 0%) also accounted for a 263 large proportion of the PAH content in the oysters' soft tissues in the WSF condition. For the D condition,alkylated DBT (45 ± 6%) and anthracene (30 ± 7%) accounted for most of the PAH content in oyster soft 265
tissues. 266
After 15 days of depuration, alkylated DBT were the predominant PAH compounds in oyster tissues of 267 the CD, MD, WSF and D conditions, representing 56 ± 19%, 48 ± 7%, 40 ± 5% and 50 ± 16% of the total 268
PAHs, respectively (Fig. 1) . 269 270
Enzymatic analysis 271
Overall, no significant differences in enzymatic activities were observed between the control conditions 272 from both exposure and depuration periods, whatever the tissue (Figs. 2-7) . In contrast, all enzyme 273 activities were affected by both treatment and period, independently of the considered tissue, except for 274 catecholase and laccase activities in the mantle, which were only affected by the treatment (Figs. 5 and 6). 275
No significant effect was observed for treatment for lysozyme activity in the gills and plasma (data not 276
After 2 days of exposure for the CD condition, and relative to the control condition, catalase ( After 15 days of depuration, some activities returned to control levels, depending on the tissue and the 294 treatment. In some tissues and for some activities, effects were observed only at this period, e.g. SOD 295 activity ( Fig. 2 ) was 1.3-fold higher in the mantle for the MD condition; catalase activity ( Fig. 3 ) was 2-296 to 2.5-fold higher in the digestive gland for the CD, WSF and D conditions; SOD activity ( Fig. 2) was 297
1.3-fold higher for the MD condition; lysozyme activity ( Fig. 7 ) was 1.4-to 1.6-fold higher for the CD, 298 WSF and D conditions in the mantle; catecholase activity ( Fig. 5 ) was inhibited by 20 to 30% in the 299 plasma for the CD, MD and WSF conditions, and 1.4-fold higher in the D condition. 300
In addition to these results, a significant treatment, but not period, effect was observed in the mantle for 301 catecholase ( 
Relationships between PAH contents in oyster soft tissues and enzyme activities 306
At the end of the exposure period, significant correlations were observed between different enzyme 307 activities and PAH contents in oyster soft tissues and responses varied according to the tissue that was 308
analysed. The results of PCA and RDA are presented in Fig. 8 and Table 2 , respectively. RDA indicated 309 PAH body burdens as the significant variable explaining 49%, 43%, 43%, 39%, 44% of total variation in 310 enzyme activities in the gills, digestive gland, mantle, plasma and HLS, respectively. Enzyme activities in 311 the gills, plasma and mantle were significantly correlated to parent PAHs. Enzyme activities in the plasma 312 were also significantly correlated to LMW PAHs. Four out of six enzyme activities analysed in the gills 313 and plasma were negatively correlated to body burdens of the various PAH categories: catalase, GPx, 314 lysozyme, and catecholase or laccase, in the gills and plasma, respectively (Fig. 8, Table 2 ). SOD, GPx, 315 catecholase and lysozyme in the mantle were positively correlated to body burdens of the various PAH 316 categories (Fig. 8, Table 2 ). Four out of five enzyme activities analysed in the HLS, i.e. SOD, GPx, 317 catecholase and laccase, were negatively correlated to body burdens of the various PAH categories, but 318 were positively correlated to parent PAHs (Fig. 8, Table 2 ). Enzyme activities in the digestive gland weresignificantly correlated to HMW PAHs. Five out of six enzyme activities analysed in the digestive glandwere positively correlated to body burdens of the various PAH categories: SOD, catalase, catecholase, 321 laccase and lysozyme (Fig. 8, Table 2 ). 322 323 4. Discussion 324
PAH bioaccumulation and depuration in oyster tissues 325
The aim of this study was to assess 1) the bioaccumulation and 2) the effects of chemically dispersed 326 hydrocarbons on a species inhabiting coastal and estuarine zones, the Pacific oyster C. gigas. This marine 327 bivalve is a good indicator of the presence and bioavailability of oil in the water column and benthic 328 sediments. In this species, bioconcentration factors (BCF) of petroleum hydrocarbons range from 10 to 329 50 000 (Michel and Henry, 1997), so even low levels of exposure are likely to be detectable in oyster 330 tissues. PAHs, with high octanol-water partition coefficients (log K ow > 3.5), are readily taken up by 331 organisms (Meador, 2003) . Thus, evaluating PAH bioaccumulation plays an important part in assessing 332 the risk that chemical dispersants are likely to pose to marine organisms inhabiting coasts and estuaries, 333 especially carcinogenic, mutagenic or teratogenic PAHs. Because no PAH measurements were carried out 334 in seawater, we were not able to calculate BCF, but PAH body burden analysis was conducted in oyster 335 soft tissues. Results showed that, independently of the treatment (i.e. CD, MD, WSF or D), heavy PAHs 336 were poorly accumulated in oyster tissues (0-3% of the total PAH content), while light PAHs and mainly 337 their alkylated homologues, which are generally more toxic than the parent compounds, were present in 338 large proportions in all the treatment conditions. Indeed, PAHs with low molecular weight (≤ 178.2 339 g mol -1 ) such as NaF, DBT and Fl are more likely to be bioaccumulated due to high water solubility and 340 higher bioavailability for organisms (Neff, 2002) . 341
A high heterogeneity in PAH body burden was observed for the WSF treatment. The WSF corresponds to 342 hydrocarbon molecules that are liable to naturally dissolve, meaning that the solution can be considered 343 as homogeneous. Therefore, the heterogeneity of results for the WSF treatment suggests that 1) organisms 344 depurate at different rates and/or that 2) organisms accumulate at different rates (Neff, 2002) . completely different between both CD and MD conditions. In the CD condition, 55% of the total PAH 350 content was composed of high alkylated NaF. These compounds were poorly bioaccumulated in the MD 351 and WSF conditions (Fig. 1) , whereas alkylated Fl and alkylated DBT represented between 70 and 80% 352 of the total PAH content (Fig. 1) 
cannot be excluded that a longer exposure period would result in a higher alkylated NaF uptake in oyster 359 tissues. Nonetheless, our results clearly demonstrated that the presence of the chemical dispersant 360
increased the bioaccumulation rate of alkylated NaF in oyster soft tissues. However, the processes that 361 could alter 1) the bioconcentration and/or 2) the type of components accumulated, when oil is chemically 362 dispersed, have been poorly described in the scientific literature. A possible contributing factor for 363 bioaccumulation of some components is that dispersing spilled oil converts the oil from a surface slick to 364 a plume of small oil droplets dispersed in the water column. These oil droplets might be more easily 365 burdens. This may be due to the inhibition of enzyme synthesis by PAHs or to enzyme inactivationcompetition may exist for the same group of substrates (Kappus, 1985) . This may explain the positive 406 correlations of catalase activity and negative correlations of GPx activity with PAH content for the same 407 tissues in the present study (Table 2) . 408
Among enzymes involved in humoral immune defences in bivalves, POs are the key enzymes of 409 melanization, participating in the entrapment of foreign material in a melanin capsule or in the direct 410 killing of microbes by the toxic quinone intermediates produced during the melanin production cascade 411 (Söderhäll and Cerenius, 1998). Tyrosinases, catecholases, and laccases belong to the family of POs. plasma and gills were generally inhibited, especially in the CD condition (Figs. 2-7) , suggesting that 448 compartments that are the more exposed to the marine environment, such as the gills and plasma, are 449 likely to be more affected by the presence of hydrocarbons, in comparison to tissues less exposed to the 450 marine environment, such as the digestive gland, mantle and HLS (Cheng, 1981; Frouin et al., 2007) . 451
Enzyme activities in the digestive gland were less modulated than in the other tissues but were strongly 452 correlated with PAH contents in this tissue, highlighting its role in xenobiotic detoxification (Chafai-El 453
Alaoui, 1994; Chu et al., 2003). 454
Enzyme activities in the mantle and haemocytes, which are known to play an important role in defence 455 mechanisms in oysters (Cheng, 1981), were generally activated in comparison to the control. 456
Among tissues that were analysed, haemolymph can be considered as a key tissue because this fluid 457 irrigates the whole body and, therefore, it can distribute contaminants and/or their metabolites throughout 458 the organism (Cheng, 1981) . Interestingly, enzyme activities differed notably from the plasma and HLSof the haemolymph. These differences could be due to alterations in the membrane integrity by PAHsedulis (Grundy et al., 1996) . The extent of membrane alterations could be dependent on the physical (e.g. 
Effect of chemical dispersion (CD) and dispersant (D) conditions 476
Increased activity of an enzyme involved in defence mechanisms can be interpreted as a response of the 477 organism to protect itself against a non-self molecule, e.g. xenobiotics. Persistent or excessive activation 478 can lead to overstimulation of the immune system, which can be detrimental to the organism. Inhibition 479 of the enzyme activity can be interpreted as saturation of the system because of the presence of a 480 xenobiotic, overpowering of antioxidant enzymes by oxygen radicals, or an immunodeficiency resulting 481 in direct or an indirect inhibition of mechanisms that modulate this enzyme activity (Huggett et al., 1992) . 482
In both cases, changes in defencive enzymes may affect the survival of the organisms when challenged 483 with infectious pathogens (Thiagarajan et al., 2006) . 484
Twenty nine enzymatic analyses were carried out in this study. As a general trend and relative to the 485 control, CD modulated a higher number of enzyme activities than D, following the exposure period. 486 Indeed, an equal or greater effect was observed in 13/18 (i.e. 13 out of 18) enzyme activities modulatedby CD and/or D: 5/5, 2/3, 3/3, 3/3 and 0/4 enzyme activities modulated by CD and/or D in the gills,digestive gland, mantle, plasma and HLS, respectively (Figs. 2-7) . When comparing CD and MD 489 conditions, following the exposure period, CD modulated a higher number of enzyme activities than MD, 490 relative to the control condition, with an equal or greater effect observed in 13/19 activities modulated by 491 CD and/or MD: 4/5, 2/2, 3/4, 4/5 and 0/4 enzyme activities modulated by CD and/or MD in the gills, 492 digestive gland, mantle, plasma and HLS, respectively (Figs. 2-6 ). Moreover, CD exerted an equal or 493 greater effect in a higher number of enzyme activities in the gills and plasma in comparison to other 494 tissues, i.e. 4/5 enzyme activities modulated by CD and/or MD (Figs. 2-6) , suggesting that the gills and 495 plasma are sensitive compartments in C. gigas. Moreover, some enzyme activities that were modulated by 496 the CD treatment following the exposure period were also modulated following the depuration period, 497 e.g. SOD activity in the gills, mantle and plasma (Fig. 2) , or laccase activity in the plasma (Fig.6) , 498
suggesting that CD may exert long-term effects. Importantly, D also modulated enzyme activities, 499 especially at the end of the depuration period, e.g. SOD activity in the plasma and HLS (Fig. 2) , catalase 500 activity in the digestive gland (Fig. 3) , GPx activity in the plasma (Fig. 4) , catecholase activity in the 501 plasma and HLS (Fig. 5) , laccase activity in the gills and digestive gland (Fig. 6 ) and lysozyme activity in 502 the mantle (Fig. 7) , suggesting that the dispersant used in the present study could also induce long-term 503 effects, i.e. following 15 days of depuration. Our results are thus in agreement with previous studies that 504 have shown the effects of other third generation dispersants on biological functions in marine 505
invertebrates (Gilfillan et al., 1984; Shafir et al., 2007) . 506
Differences between oysters from the control and the treatment conditions resided only in the presence of 507 oil and/or dispersants in the water column (i.e. experimental devices and acclimatization conditions were 508 identical in the control and the treatment conditions). Additionally, the D treatment (i.e. in the absence of 509 oil) induced effects in enzyme activities such as laccase in the gills, SOD, catalase and lysozyme in the 510 digestive gland, and SOD in the plasma, following the exposure or the depuration periods. Therefore, 511 significant differences in biological responses between the control and the different treatments could not 512 be considered as specific to contamination by hydrocarbons, but rather as indicators of unspecific stress in 513 oysters, induced by chemicals (oil and/or dispersants) that have entered the organism from the water 514 column. It is important to notice that transient effects were observed for different enzyme activities andthus longer periods of exposure should be studied. Moreover, not all the enzyme activities returned to 516 control levels after the 15-day depuration period and thus longer depuration periods could give better 517 insight into long-term effects. 518 519
Conclusions 520 521
• Responses of enzyme activities involved in immune and detoxification mechanisms in juveniles 522 of the Pacific oyster C. gigas were highly variable depending on the treatment, the time and the 523 tissue that was studied, highlighting the importance of carrying out studies in different tissues and 524 with multiple enzymes involved in crucial biological responses. 525
• Enzyme activities were generally inhibited in the gills and plasma, while they were generally 526 activated in the mantle and haemocytes, suggesting that the gills and the plasma are sensitive 527 compartments in C. gigas and that the mantle and the haemocytes are likely to play an important 528 role in protection against PAHs. 529
• Among the various parameters and during the exposure period, enzyme activities in the digestive 530 gland, mantle and haemocytes were generally positively correlated with PAH body burdens. 531
Enzyme activities in the gills and plasma were generally negatively correlated with PAH body 532 burdens, suggesting potential suppressive effects of pollutants in immune and/or detoxification 533 mechanisms through the inhibition of enzyme activities involved in these biological responses. 534 biological tissues by gas chromatography coupled to mass spectrometry: application to mussels. 571 
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